In this study, several naphthalene tetracarboxylic acid diimide (NTCDI) 2 derivatives substituted at the N and N' positions with long normal alkyl chains of different lengths were evaluated as soluble n-type organic thin-film transistor (TFT) materials. NTCDI derivatives with diundecyl (NTCDI-C11), didodecyl (NTCDI-C12), and ditridecyl (NTCDI-C13) exhibited acceptable solubility in chloroform, and their TFTs showed typical n-type TFT performance with relatively high field effect electron mobility (~0.2 cm 2 /Vs) after annealing at a workable temperature of 150 °C. Although NTCDI with dioctyl (NTCDI-C8) showed good solubility in chloroform, the TFT performance of this material was highly inferior to that of NTCDI-C11, NTCDI-C12, or NTCDI-C13. We could not anneal NTCDI-C8 thin films at workable temperatures in vacuo because of sublimation of the material from the substrates. In contrast, NTCDI with dipentadecyl (NTCDI-C15) and dioctadecyl (NTCDI-C18) exhibited both poor solubility for chloroform and poor TFT performance. In short, these compounds are not suitable as soluble n-type organic TFT materials.
Introduction
Recently, the commercialization of organic thin-film transistors (TFTs) has attracted wide attention because of their potential in next-generation electronic devices such as flexible displays and low-cost radio-frequency identification tags. [1] Although significant progress has been made in research into organic TFTs during the last few decades [2] [3] [4] [5] to facilitate viable commercialization, there is still a need for further improvement in not only device performance but also other factors such as operating stability and device reproducibility. [6, 7] One particular target is the development of soluble n-type materials with high device performance. [8] [9] [10] This is highly desirable for the formation of high-performance complementary circuits composed of p-and n-channel TFTs having similar performance [11] and for the realization of low manufacturing costs in real terms using solution processes, which is one of the greatest potential benefits of organic semiconductors. [12] Perylene tetracarboxylic acid diimides (PTCDIs) are among the most promising n-channel candidates for organic TFTs because of their high electron affinity and large π-orbital overlap in the solid state. [9, 10, [13] [14] [15] [16] [17] [18] [19] Many substituents have been introduced in PTCDIs to, for example, improve electron mobility, enlarge electron affinity for operation stability in air, and improve solubility in common solvents.
Solubility is one of the most important properties of organic semiconductors because solution processes are crucial to low-cost and large-area manufacturing procedures.
Although alkyl groups have no function electronically, they are commonly utilized as substituents in order to improve solubility. However, simple PTCDIs with normal alkyl 5 chains at the N and N' positions barely achieve the solubility in widely used solvents, such as chloroform, required for the preparation of organic semiconductor thin films. This is because the PTCDI core is too large to modify its solubility through the substitution of normal alkyl chains alone. However, naphthalene tetracarboxylic acid diimide (NTCDI) is an analog of PTCDI that has a reduced -electron system compared with that of PTCDI, and has received increasing attention as a building block for soluble n-type organic semiconductors. [8, [20] [21] [22] [23] [24] [25] Molecules coupled with a rigid -electron core and alkyl chains frequently exhibit thermotropic liquid crystalline mesophases. Furthermore, molecules move easier in liquid crystal phases than in solid phases because of higher fluidity. As a result, well-aligned molecular orientations and packing, which are critical for charge-carrier transport [26] [27] [28] in organic semiconductor thin films, can be attained after thermal annealing of the thin-films. In this study, we thermally treated NTCDI-Cn thin films prepared by a solution process. Although annealing based on solvent vapor (solvent vapor annealing) is widely used, especially in solution-processed organic semiconductor thin films [29] [30] [31] , we opted for simple thermal annealing in this study. 
where V T is the threshold voltage. The mobility and V T were 0.21 cm /Vs), [10] while PTCDI has a larger -electronic skeleton than NTCDI. annealing above the transition temperature to their LC phase, because of dramatic changes in film morphology. [18, 35] We believe that the  FE enhancements and morphological changes after annealing partly result from high molecular mobility in the LC phase, although another factor might also be responsible because the enhancement and morphological changes were observed even at a T A of 100 C. The small molecular size of the NTCDI core, whose molecular weight is 266 g/mol, compared with that of PTCDI might influence the high molecular mobility, which is crucial for dramatic morphological changes.
NTCDI with Other Alkyl Lengths: NTCDI-C11 and C12
Fig . 7 shows the T A dependence of electron  FE and V T of NTCDI-C11 and C12 TFTs. The TFTs also showed enhanced mobilities and lowered V T after annealing.
The same tendencies appeared in NTCDI-C13 TFTs, as shown in Fig. 3 . As shown in with the length of alkyl chains, indicating that the molecular alignments in the large domains for the three materials would be almost identical. Table 1 summarizes phase transition temperatures of NTCDI-C11 and -C12. As shown in the table, the last transition temperatures of NTCDI-C11, -C12, and -C13 to its IL inversely depended on the number of carbon atoms in the alkyl chains. This suggests that the phase before the transition might be LC, as already described. Visual observations of NTCDI-C11 and C12 powders in glass capillaries at a temperature slightly below each transition temperature to IL identified an opaque liquid, a typical characteristic of an LC, which supported the hypothesis that the transition temperatures of NTCDI-C11 and -C12 were from LC to IL. In short, the transition temperatures at 148 C for -C11 and 147 C for -C12 were from crystal to LC. Note that NTCD-C11
exhibited another transition because of a crystal structure change (K-K) at 102 C. As shown in Table 1 , only NTCDIs bearing alkyl chains with an odd number of carbons showed this type of transition.
As shown in film, but we currently cannot explain why they appeared and how they influence the transportation process. This is because the clear and deep boundaries were observed only in NTCDI-C11 thin films. (NTCDI-C15 and -C18) exhibited very poor TFT performances. We believe that the most important reason for these very poor performances might be the low solubility of the materials in solvents, which limited the preparation of thin films with sufficient quality. Thus, it is concluded that the optimal alkyl length probably ranges from 11 to 13.
Comparison of NTCDI-C11 to -C13
Among the optimal range of alkyl chain lengths, it was interesting to compare the chain-length dependence of electron  FE at each T A . As shown in Fig. 9 , the increasing length led to decreased  FE at T A = 100 C. In contrast, no length dependence was observed at T A = 125 C, and an almost converse tendency was observed at T A = 150 C compared with that at T A = 100 C. This behavior suggests that a longer alkyl length prevents any increase in molecular mobility at a low T A of approximately 100 C owing to its larger molecular weight and/or interactions between the alkyl chains. The electron  FE improvement of NTCDI-C13 at T A = 150 C against that at T A = 100 C was larger than that of NTCDI-C11 and -C12, and the electron  FE of NTCDI-C13 was the best overall. In accordance with our former report, the higher molecular mobility due to the shorter alkyl chains leads to excessive thin-film reconstructions, which results in defective thin films having deficient parts because molecules have migrated to other parts. [18] From this perspective, NTCDI-C13 must be the optimal n-type material, with its relatively high electron  FE and wet-process capability.
Summary
Several NTCDI derivatives substituted at the N and N' positions with long normal alkyl chains of varying lengths were evaluated as active materials for n-type 
